Abstract -Assessment of the potential environmental hazard and toxic effects of aerosols emitted into the atmosphere requires their detailed physical and chemical characterisation. A number of instrumental, mostly multi-element or multicomponent, analytical methods are used for the sensitive bulk characterisation of particulate matter sampled from the atmosphere. Information on an individual particle
basis can also be obtained with a number of microanalytical techniques. Surface analysis is used to gain insight into the heterogeneous distribution and the surface predominance of elements or organic compounds. Some methods allow chemical speciation. INTRODUCT 
ION
Most metallic elements and a considerable number of organic compounds are emitted into the atmosphere in association with solid or liquid particles. Certain more volatile elements and species are emitted as vapors and the surface of finely divided particles may act as sites for adsorption or condensation. On the particle surface catalytically or photochemically induced reactions may further occur. The airborne particulate matter which is hence formed directly or through secondary reactions has a widely varying composition, aerodynamic dimension, shape and degree of uniformity. The aerosol thus consists of a complex interacting dynamic system. Particulate matter amounts to more than 50 % of all air pollutants.
The assessment of the potential environmental and toxic effects of particulate matter in the atmosphere requires their detailed physical and chemical characterisation. Of prime importance is the size of the particles, their overall and microscopical chemical composition and finally their chemical reactivity and physical characteristics.
Methods for monitoring or studying particulate air pollution consist in general of several stages sample collection, analysis and finally data interpretation. These distinct stages in the entire problem solving process are interdependent. They also depend on the overall area of concern (ambient, source or exposure monitoring), then on the analytical entities under scrutiny (trace elements, organic compounds or specific crystallographic structures) and finally on the aim of the study (human toxicity, pollution abatement, meteorology or climatology).
In what follows I will review some recent advances in the field from the (biased) experience of someone involved with environmental analytical chemistry; examples will be selected 1926 F. ADAMS predominantly from my own laboratory's experience in bulk aerosol characterisation and the analysis of individual particles and particle surface regions.
SAMPLING
Few methods al low a direct measurement of particulate matter in the air. Different methods of separation use sedimentation, electrostatic or inertial collection, centrifugation or filtration. Filter sampling is often used and is still prescribed in most official standard procedures as it is easy, straightforward and cheap. The bulk aerosol collected with filtration samplers depends, however, on their design characteristics; the cut-off diameter of the larger particles is especially pooriy defined. Any discussion of environmental standards and measurements implies the use of terms such as total dust or total suspended material. There are not strictly definable as the falling velocity of particulate matter depends on the air velocity. The only practical upper limit to particle size is that beyond a certain size particles become so rare that they make a negligible contribution to the total airborne mass. Common bulk samplers do not collect all sizes with equal probability and accidental selection characteristics depend strongly on the speed and direction of any external wind. It is hence surprising that the bulk aerosol sampled is still to this date so often referred to with little specification of the actual sampling conditions.
Filter sampling is easily affected by various sources of errors : direct errors in air volume or flow rate, air leaks in the sampling train, wrong calibrations, sample losses during or after sample collection and wrong estimates of filter blanks or contamination.
Lack of agreement between identical high volume aerosol samplers to the extent of 10 % are common (Ref. 1), thus making sampling errors often more important than those in subsequent analytical procedures.
Filter collection systems have no capability of resolving the particle size distribution.
This precludes measurements in terms of the "inhalable particulate matter" i.e. the fraction of the size population likely to penetrate in the human respiratory system. Technological advances towards an increased burning efficiency of fossil fuel and better control techniques for stack emissions of particles decrease large particle emissions considerably and hence increase the relative importance of particles in the respirable range.
Of the collection systems with a capability of size classification, inertial impactors are the most popular. Though there are many different types the underlying principle is simple and the same for all : an aerosol jet is forced to change its direction rapidly and particles too large for following the streamlines are collected by impingement on a collection plate. In "virtual" impactors the same principle is used to separate particles according to their inertia in two partial streams where they remain airborne and can be separated e.g. by filtration. Cascade impactor arrangements use this principle repeatedly to collect particles in several (typically 6-8) size fractions. An overview of commercially available instruments is given by Maple and Willeke (2) .
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The cut-off sizes of any single impactor stage can be calculated accurately from the geometric, fluid and particle parameters. Theory shows that properly designed impactor stages will provide sharp classification between particles above a certain aerodynamic diameter collected and smaller particles which are not.Special precautions must, however, be taken to insure reliable and accurate data. Disturbing effects may be due to interstage losses (particles deposited on surfaces other than the impactor plates), particle reentrainment (bounce-off and blow-off in the air stream) and inlet losses dependent on the air velocity at the sampling location. A practical example of the importance of particle size classification is given in Table 1 Whereas normal impactors are designed to provide a sharp cut-off, in some cases it may be desirable for the cut-off to be a specific function of particle size. Such a design for a cut-off efficiency simulating lung retention allows the collection of respirable dust.
The direct advantage of such a system is that only two distinct particulate fractions need to be analysed to provide a measure of human exposure to certain air pollutants. One practical design (Ref. 4) simulates the respirable dust curve proposed by the U.S. Conference of Governmental Industrial Hygienists and is shown in Fig. 1 , as an example.
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Inorganic analysis
The elemental analysis of air pollution particulate samples is a unique problem. The total amount of material is ordinarily small but the sample may contain a large number of elements over a broad atomic number range and at widely differing concentrations. An effective analytical scheme must measure a considerable number of elements of interest;
it must have good detectability in order to provide reliable results at low concentrations even in the presence of large amQunts of Qther elements. Several methods have been widely used -X-ray spectrometry is attractive because it meets most of the requirements for some 20
elements. The methodology applied for air pollution analysis utilises mostly energydispersive detectors and excitation with X-ray tubes (EDXRF) or protons (or other elementary ions (PIXE)). Especially in the latter excitation mode sample weight can be Sampling and analysis of aerosols 1929 extremely small which allows short term sampling within a reasonably short analysis time.
The difficulties inherent in X-ray spectrometry namely the data analysis of the energy dispersive spectra, and matrix absorption of the fluorescent X-rays have gradually been solved by computer analysis.
-Instrumental neutron activation analysis has been extensively used. A recent literature survey lists 225 references (Ref. 5). A drawback is that toxicologically very important elements such as lead or cadmium are insensitive.
-Spectrometric methods of analysis suffer from the need to dissolve the particulate matter (atomic absorption spectrometry or inductively coupled plasma emission spectrometry) or from limitations in sensitivity or precision (d.c. are emission spectrometry).
There is evidence that the Zeeman background correction could be useful for the direct atomic absorption determination of a number of elements (Ref. 6 ).
Organic analysis
Organic compounds reach the atmosphere from widely differing inthropogenic and natural sources. Estimates of the direct particulate organic carbon emission range between 23 and 50 M tons g1; gas-to-particle conversion adds another 60 Mtons g1 to this number (Ref. It is an almost hopeless task to attempt to devise methods for all of the individual organic compounds which can be assumed to be present. 
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An important problem in the organic analysis with GC-MS is the lack of a reasonable mass balance. Indeed, the method only permits the determination of relatively volatile, Recent reviews on the analysis of air particulate matter for organic compounds are published (Ref. 5, 14) .
Data treatment
In the past decade multivariate data analysis methods such as e.g. principal component analysis, factor analysis and cluster analysis have becomen valuable tools for data treatment. Many applications of these methods fr the evaluation of pollution aerosol analyses exist in the literature. These types of data sets have in general a very complicated structure as many natural and anthropogenic sources contribute to the aerosol load and composition. In contrast with this situation, at remote locations the aerosol is often made up of only a few major contributing sources. The data hence become more easily understandable. Table 2 In principle, the most definitive information can only be extracted from a collection of particles by the analysis of a large number of carefully selected individual particles.
Indeed, with such data it is possible to obtain information about the sources of pollution and their relative contributions to an ambient aerosol. Also, it is possible to investigate changes in the aerosol as it travels from its source. Finally, the potential effects of individual particles can be estimated in a direct and straightforward way. capability. Size and morphology can be examined using the backscattered or secondary electrons generated by electron impact on the sample (in EPMA or SEM) or by using the primary electrons transmitted through the specimen in TEM or STEM. All these instruments provide similar data, the electron probe being optimized for analytical work and the other instruments for morphological studies. TEM produces the least intense X-ray spectra but is well adapted for the analysis of the smallest particles below 0. The number of particles containing more than 5 % of an element is plotted as a function of X-ray energy. The presence of a few particles which contain e.g. Ni become clearly identifiable within the collection and can be selected for a closer study. It is clear that such measurements collect large amounts f information which can only be fully processed with computer data reduction. The applications of LAMMA lie in the following areas;
-qualitative and semiquantitative analysis for identifying and estimating both matrix and trace level constituents -as a means of establishing a fingerprint to recognise sources of particulates. Fig. 3 shows as an example the positive mass spectrum of an unknown atmospheric particle present in the remote background aerosol in the Atacama desert (Chile) and the fingerprint spectrum of NaNO3 (Ref. 27 ). The negative mass spectra. provide further evidence for the similarity in composition -as a means for detecting inorganic and organic molecular constituents (see Fig. 5 ). Fig. 3 . Positive mass spectrum of a typical particle from Chapiquina (top) and positive fingerprint mass spectrum of NaNO3 crystals (bottom).
The Raman microprobe also has unique capabilities for particle analysis. Examples of its use are given by Etz and Blaha (28) . They include the characterisation of inorganic species, microparticulate organics, the characterisation of fly ash from oil-fired combustion and the South Pole aerosol.
Single particle investigation is also possible by Auger electron spectroscopy and secondary ion mass spectrometry with an ion microprobe or microscope. These methods will be described later. Some characteristics of microanalytical techniques are summarised in Table 3 . 
Surface analysis
The inverse dependence of trace constituents on particle size (Table 1 ) is due to condensation onto the particle surfaces from the vapor phase. One can thus expect to find a number of more volatile elements and compounds on particle surfaces.
The techniques which have been utilised for the analysis of surface regions are X-ray Contamination of asbestos fibers with organic products e.g. polycyclic aromatic compounds, or plasticisers can equally be studied with laser desorption LAMMA. Fig. 6 shows on characteristic example. Table 5 .
The dominant species H2504, NH4HSO4 and (NH4)2S04 are omitted from the table. The tertiary nature of some compounds results from the reaction of secondary sulfate (formed from SO2 in the atmosphere) with other compounds. The lead containing species given in the table, result from vehicle exhausted lead halides. All these compounds were identified by XRD. There are many inherent difficulties in speciation of atmospheric strong acids because they must be detected apart from the simultaneously present precursors (NOr, SO2).
Therefore it is in general necessary to combine a chosen detection system with an appropriate sampling and sample pretreatment procedure. A few in-situe techniques are available such as nephelometry for H2S04 (Ref. 38).
3. The speciation of metals is a difficult task. Nevertheless, pollution incidents involving mercury have shown that the total metal data are insufficient and often misleading in assessing the potential hazards.
Until recently most metal speciation was performed with electrochemistry, especially anodic stripping voltammetry, or chromatography with conventional detectors. Gas liquid chromatography is suitable for the separation of volatile compounds but recently it has been supplemented with more metal-specific detectors such as atomic absorption spectro- 
CONCLUSION
The aerosol is a complex interacting system which requires the most sophisticated instrumental analytical techniques for its chemical and physical characterisation. Its complexicity implicates that it is an exciting topic of investigation in environmental analytical chemistry. For routine control of the environment -a topic which was deliberately not covered in this survey -other factors prevail especially the enormous complexity of data sets generated.
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